Resolving the mechanisms underlying the temporal and spatial profile of zinc transporter expression in response to zinc availability is key to understanding zinc homeostasis. The mRNA expression of seven zinc transporters was studied in zebrafish gills when treated with zinc deficiency/excess over a 14-day period. Of these, ZnT1, ZnT5, ZIP3, and ZIP10 were differentially expressed in response to changed zinc status. The mRNA level of zinc exporter, ZnT1, was upregulated in fish subjected to excess zinc and downregulated by zinc deprivation. This response was similar to that of metallothionein-2 (MT2). Zinc deficiency caused an increased abundance of mRNA for zinc importers ZnT5, ZIP3 and ZIP10.
INTRODUCTION
Zinc is an essential element fulfilling a catalytic or structural role central to the function of many proteins involved in transcriptional regulation, nucleic acid and protein synthesis, protein trafficking and signaling (2, 5) . In humans and other animals, zinc deficiency is related to a wide range of physiological defects including impairment of growth, development, immune system, and neural function (15, 16, 38) .
However, excessive zinc accumulation is also harmful and can cause impaired neural and immune functions, ultimately leading to haemolytic anaemia (14) . Toxicity from systemic zinc overload is primarily relevant to fish and other aquatic animals due to direct exposure to elevated concentrations of zinc in water through the gill epithelium. However, cellular zinc toxicity may occur in humans as a consequence of local zinc dysregulation during conditions such as post-perfusional ischemia (42) . Thus, finely tuned regulatory systems are required to maintain an adequate supply of zinc and prevent zinc overload.
Intracellular zinc is strictly regulated by binding to metallothioneins and glutathione, and by compartmentalization through the activities of zinc transporters (4) . Metallothioneins have high binding affinity for zinc and play a central role in maintaining stable intracellular zinc availability through sequestration or release of zinc (19) . Zinc transporters are transmembrane proteins, controlling the movement of zinc across cellular and intracellular membranes. Transport of zinc into the cytosol is mediated by members of the slc39 (ZIP) transporter family. There are 14 ZIP transporters discovered in mammals but only ZIP1-8 and ZIP14 have been experimentally verified to have zinc transporter activity (7, 31) . ZIP1-6 and ZIP14 have been shown to increase zinc uptake from extracellular fluid, whereas ZIP7 is believed to mediate movement of zinc from the endoplasmic reticulum into the cytosol. Flux of zinc away from the cytosol, either into organelles or out of the cell, is mediated by members of the slc30 (ZnT) transporter family. Ten members of the ZnT family have been identified in mammals, of which function of ZnT1-8 have been confirmed directly or by inference (7) . ZnT1, the first mammalian zinc transporter discovered (37) , is expressed throughout the body, but notable in basolateral membranes of tissues involved in zinc acquisition or recycling like intestine, kidney and placenta (30, 31) . A splice 4 variant of ZnT5 is in mammals located to the apical membrane of enterocytes (8, 9, 23) . All other ZnT proteins where cellular localisation has been characterised are found in the membranes of organelles (7) .
Conversely, it is believed that of the so far characterized slc39 members, only ZIP7 is operational in intracellular membranes (7) . In the mammalian intestine ZIP4 is located at the apical surface while ZIP5 is found at the basolateral membrane (45) .
Transcriptional regulation of metallothioneins and the zinc transporter proteins contributes to the cellular zinc homeostasis. It is well known that metallothioneins are highly induced by zinc, a response mediated by metal-regulatory transcription factor 1 (MTF1) (18) . By binding to zinc, the DNA-binding region of MTF1 is activated and can specifically bind to metal-response elements (MREs), which contain a conserved motif 5'-TGCRCNC-3', on target genes. MT1 and MT2 genes of vertebrate species typically have four to seven MREs in the 5' regulatory region (28, 35) . The mRNA expression of several ZnT members is also differentially regulated upon zinc availability. In rat, the intestinal ZnT1 and ZnT2 mRNA expression levels were increased by high dietary zinc, and reduced to very low levels when zinc is deficient (30) . The induction of ZnT1 mRNA expression by zinc was also observed in other studies (10, 33, 34) and explained by the binding of MTF1 to MREs in ZnT1 promoter (29) . The human ZnT5 promoter was found to be repressed by zinc excess through a mechanism that does not seem to involve MRE (23) . Conversely, the mRNA expression of ZnT5 and ZnT7 was induced by zinc depletion in HeLa cells (10) . A higher level of ZnT4 mRNA was detected in mammary gland of rats fed with a low zinc diet (27) . Regulation of the slc39 family proteins ZIP4 and ZIP5 has received significant attention during recent years. It has been shown that abundance of ZIP4 mRNA in mouse is increased by zinc deficiency, but this is a caused by an increase in transcript stability and not on transcription (12, 45) . During zinc excess, ZIP4 mRNA stability is reduced and ZIP4 protein is ubiquitinated and degraded (32, 45) . Mouse ZIP5 protein is expressed during zinc excess in basolateral membranes of enterocytes, acinar cells and endoderm cells (45) . The mouse ZIP5 gene seems to be constitutively expressed and increase of ZIP5 protein in response to zinc is mediated by an increased rate of translation. There is evidence that accumulation of ZIP10 mRNA in mouse may be decreased by cadmium and that the basal expression 5 might be negatively controlled by MTF1 (46) . This idea is strongly supported by our own research showing that zinc-induced repression of ZIP10 mRNA accumulation in zebrafish ZF4 cells was completely removed by MTF1 knockdown using siRNA (G. P. Feeney, D. Zheng, C. Hogstrand and P.
Kille, unpublished observation). However, the regulatory mechanisms for most ZnT and ZIP genes remain largely unexplored.
In addition to absorbing zinc from the diet, fish take up zinc across the gills directly from water. It is evident from previous studies that zinc regulation in the fish gill is indeed highly dynamic and efficient (20, 21) and that zinc transporters in fish gill play similar functions as in the intestine of mammals (1, 34, 40, 41) . The fish gill is therefore an attractive system to investigate regulation of zinc transporters and with the genomic resources available for zebrafish, this is an experimental organism of choice for molecular studies.
At least eight ZnTs and eleven ZIPs are present in the zebrafish genome and expressed in a tissue-specific manner, and several of these transporters are expressed in the zebrafish gills and may respond to changes in zinc availability (13) . In the present study, we selected seven zinc transporters of interest to investigate their mRNA expression in zebrafish gills during a 14-day regime of either zinc deficiency or excess. Of these, four genes (ZnT1, ZnT5, ZIP3, and ZIP10) were confirmed to be differentially expressed at the mRNA level in response to changes in zinc status. Expression of the ZIP10 gene was of particular interest because its mRNA level in the gill was decreased by zinc excess and increased by zinc deficiency. Therefore, we functionally characterized the transcriptional regulation of the ZIP10 gene by zinc.
MATERIALS AND METHODS

Experimental animals and zinc exposure
The animal care and procedures were performed in accordance with, and with approval given under, the Animal (Scientific Procedures) Act (UK) 1986. Juvenile zebrafish, Danio rerio (0.44 ± 0.06 g; mean ± SD) were obtained from Neil Hardy Aquatica Ltd. (Surrey, UK). The fish were divided into three experimental 6 groups with each group held in four identical 10 L polystyrene tanks (40 fish per tank), and supplied with a continuous flow of aerated reconstituted reverse osmosis water at a rate of 50 ml per min and a temperature of 26-28ºC. The reconstituted water was composed of 0.6 mM NaCl, 41 µM Na 2 SO 4 , 13.6 µM KCl, 150 µM CaCl 2 , 3.4 µM NaHCO 3 , 78 µM MgCl 2 . In addition, each tank was equipped with a dosing system, which added Zn, as ZnSO 4 .7H 2 O (BDH Chemicals), from a stock solution (12.5 µM), at a rate of 1 ml per min, resulting in a nominal zinc concentration in the tanks of 0.25 µM. The fish were fed purified flake diets (Fish Nutrition Unit, University of Plymouth, UK) containing normal zinc level (233 mg/kg) twice daily in a total of 4% of their body mass per day before the experiment began.
After one-week acclimation to laboratory conditions, the zinc dosing stock solution for a group of four tanks was changed to 20x concentrate, resulting in a nominal zinc concentration in the tanks of 5µM (zinc 
Zinc concentration in tissue
At 1, 4, 7, and 14 days into experiment, three fish from each experimental group and three replicate tanks were killed by overdose of benzocaine (Sigma) and gills removed by dissection. Each tissue sample (5-20 mg) was digested in 500 µl of 50% HNO 3 (w/w, BDH Biochemicals) at room temperature overnight.
Each digestion was then diluted to 5 ml with deionized water and the zinc content measured using ICP-MS. 7 
RNA purification and cDNA synthesis
Gills from nine fish from each group at 1, 4, 7 and 14 days were dissected and immediately put in liquid nitrogen and stored at -80ºC before RNA extraction. Total RNA was extracted from gill samples using Trizol Reagent (Invitrogen) according to the manufacture's protocol and any residual genomic DNA removed using the DNA-Free kit (Ambion). The integrity of RNA samples was assessed using the Agilent 2100 Bioanalyser (Agilent Technologies). The first-strand cDNA was synthesized from 2 μg of total RNA using Powerscript TM reverse transcriptase (Clontech). Briefly, total RNA was mixed with 500 ng of oligo(dT) 17 and 500 ng of random hexamer and heated at 70°C for 10 minutes, then cooled immediately on ice for 2 minutes. The content was then mixed thoroughly with 4 μl of 5×First strand buffer, 2 μl of dNTP (10 mM), 2 μl of DTT (100 mM), and 1 unit of reverse transcriptase. The reaction mixture was incubated at 42°C for at least 90 minutes, and subsequently inactivated by heating at 70°C for 15 minutes.
Real-time quantitative reverse-transcription polymerase chain reaction (qPCR)
The oligonucleotide primers and TaqMan probes (Qiagen) for each gene were designed using Primer Express (Applied Biosystem) and are listed in Table 1 . Nomenclature for zebrafish zinc transporters is that of Feeney et al. (13) . The expression of gene MT2, ZnT1, ZnT2, ZIP1 and ZIP7 was measured using
Taqman assays, and the expression of gene ZnT5, ZIP3 and ZIP10 measured using SYBR green assays.
The TaqMan and corresponding primers and probes with optimal concentrations. The SYBR Green assays were set up using the SYBR green PCR master mix (Applied Biosystems) according to the manufacturer's protocol except that 20 µl reaction volume was used. The quantitative PCR assays were performed on ABI prism 7000 real-time PCR system (Applied Biosystems) with cycling conditions as follows: 5 minutes of denaturation at 95ºC and then 40 cycles of 95ºC for 30s, 60ºC for 1 minute. The standard curve was generated using series of dilution of a concentrated cDNA mixture. The relative copy number was deduced from the corresponding C t . To correct the input RNA concentration, the relative gene copies were 8 further normalized to the measurement for 18s whose transcript has previously been established to be the least variable over a range of zinc conditions (P. A. Walker, unpublished observation). Data shown are the average of measurements from nine fish per group at each time point and expressed as fold-change relative to the control at the same time point.
Bioinformatics analysis
In the present study, the full ZIP10 gene sequence was based on the ZIP10 gene (ENSDARG00000005823) collected from the Ensembl zebrafish assembly version, Zv6
(www.ensembl.org/index.html). The genomic sequences of ZIP10 genes from human (ENSG00000196950), mouse (ENSMUSG00000025986) and fugu (SINFRUG00000120982), were also obtained from Ensembl. The MRE core consensus, 5'-TGCRCNC-3', was searched within 2kb upstream of both the transcriptional start site and the translational start site using the findpattern routine in the GCG Wisconsin package. Comparative genomics analysis was carried out with tools available at www.dcode.org. Evolutionary conserved regions (ECR) in ZIP10 were identified using the ECR browser with zebrafish as base organism and the chromosomal location of ZIP10 provided according to Ensembl
Zv6. Identified ECR were searched for conserved transcription factor binding sites using the rVISTA 2.0 program.
5'-RNA ligase-mediated rapid amplification of cDNA 5' end (5'-RLM-RACE)
To determine the transcription start site of ZIP10 gene, the 5' cDNA end of ZIP10 was amplified using the FirstChoice RLM-RACE kit (Ambion) according to the manufacture's instruction. Briefly, the total RNA obtained from gill and kidney samples was treated by calf intestinal alkaline phosphatase (CIP) which removes free 5'-phosphates from fragmented mRNA, rRNA, tRNA and genomic DNA. After purified by phenol-chloroform extraction and alcohol precipitation, the RNA was then treated with Tabacco Acid Pyrophosphatase (TAP) to remove the cap structure from full-length mRNA. A 45-base RNA adaptor oligonucleotide was then ligated to the RNA using T4 RNA ligase and RNA reverse transcribed into cDNA using random primer. The 5' end of ZIP10 was amplified by two-round nested PCR with gene specific primers (GSP1, 5'-TCGATGGGCTTTGACCTTAG-3' and GSP2, 9 5'-CTGTCTTGCTTGTGACTGTGTG-3') and two adaptor specific primers (5' RACE Outer primer and
Inner primer provided in the kit). The cDNA fragment sequence was confirmed by DNA sequencing.
Plasmid construction and site-directed mutagenesis
The promoter fragments P1, P1F1 and P1F2, were amplified from zebrafish genomic DNA using a forward primer, 5'-TGCTACAACTCTCTGCAATAGGC-3' and a reverse primer,
, respectively. The promoter fragment P2, immediately upstream of ZIP10 exon 2, was amplified using primers, 5'-CATCCTATTTTTAG AAGTCTCCTAGT-3'
and 5'-CTCCTCTCTTAGACACCTCTGC-3'. The PCR fragments were then cloned into the pCRII plasmid using TOPO cloning kit (Invitrogen) and further inserted into pGL3-basic plasmid (Promega), immediately upstream of a luciferase gene. The correct plasmid constructs were confirmed by DNA sequencing. The plasmid constructs used are listed in Table 2 and illustrated in Figure 3 .
The pGL3 containing P2 derivatives were created using site-directed mutagenesis as described by Scott et al. (41) . The oligonucleotides used to generate mutations in each MRE site are listed in Table 3 . The
Individual MRE mutations (P2M1, P2M2 and P2M3) were generated using pGL3-P2 as template DNA and the combination MRE mutations (P2M12, P2M23, P2M13 and P2Mall) generated with mutated plasmids as template DNA. Presence of the mutations and integrity of promoter fragments was confirmed by DNA sequencing.
Cell culture, transfection and luciferase assay
HepG2 cells were routinely grown in Minimum Essential Medium Eagle (Sigma) supplemented with 10% fetal calf serum, 100 units/ml penicillin/streptomycin and 1% MEM non-essential amino acid in a 37°C
humidified incubator with 5% CO 2 .
For luciferase assay, HepG2 cells were seeded on 6-well plates and transfected with 1 µg pGL3 plasmid and 0.1 µg pRL-TK plasmid (Promega), as an internal control, using FuGene 6 reagent (Roche). After overnight incubation, the cell media were replaced by serum-and antibiotics-free medium and four hours later, replaced by serum-free medium with or without 100 µM ZnSO 4 The full-length ZIP10 ORF was amplified using a primer pair, 5'-CGGAATTCACCATGATGAGAG TTCACACACATACC-3' and 5'-AGCGGATCCT AGAAGCCAAAATCGAGCAC-3'. After digestion with EcoRI and HindIII, the ZIP10 ORF was inserted into pSPT-18 plasmid (Roche) to generate pSPT-18-ZIP10, in which transcription of ZIP10 is under the control of the T7 promoter. The capped ZIP10 mRNA was synthesized by in vitro transcription using mMACHINE™ T7 Ultra kit (Ambion).
The zinc influx assay of ectopically expressed zebrafish ZIP10 in X. laevis oocytes was performed as described previously (41) . A set of X. laevis oocytes at developmental stage IV were isolated and injected with ~30 ng/oocyte of the capped ZIP10 mRNA or nuclease-free water. After incubation at 18°C for 72 h, 15 oocytes in each group were incubated in 500 μl of influx buffer (73 mM NaCl, 1 mM KCl, 1 mM and dispersed into individual 0.5 ml tubes. The radioactivity of each oocyte was counted in an LKB1282
CompuGamma counter.
Statistical analysis
One-way ANOVA, followed by Tukey's HSD multiple comparison test, was used to determine the significance of differences between experimental groups. Two-way ANOVA was applied to qPCR data across time points. The level of significance was set as P <0.05.
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RESULTS
Levels of MT2 mRNA and zinc in gill tissue
The efficiency of the zinc limiting and excess conditions in changing zinc status in zebrafish was gauged by measurements of zinc concentration and MT2 mRNA levels in fish gills. In the group treated with excess zinc in their water and diet, zinc was progressively accumulated in gills from 1 pmol per gram of tissue to 2.54 pmol at the end of 14 days. In contrast, fish treated by reduced zinc levels in the aquarium water and diet demonstrated persistently decreased levels of zinc in gills compared with the control and zinc excess groups ( Figure 1B ). As expected, the MT2 mRNA level in gills was significantly elevated by treatment with increased zinc and progressively increased up to 12-fold, relative to the simultaneous control, after 14 days (P <0.05); conversely, gills of zinc deficient fish showed a significant decline of 2.3-fold in MT2 expression at 4 days (P <0.05) but the degree of downregulation only reached to 3.6-fold by the end of 14 days ( Figure 1A) . Overall, the MT2 expression in gills of all fish analyzed showed strong correlation with zinc concentration in gills (r 2 =0.91).
The expression of ZnT1, ZnT2 and ZnT5 transporters
Similarly to MT2, the expression of ZnT1 was consistently induced by zinc excess, but only significant after 7 days of treatment and reaching a moderate 2.7 fold after 14 days, while zinc deprivation resulted in significantly repressed mRNA levels at 7 days (Figure 2A ). Therefore, MT2 and ZnT1 may act in concert in fish gill to maintain intracellular free zinc at a safe level. Parallel analysis of the expression of ZnT2 revealed it to be a low abundance transcript in gill and its expression did not respond to changes in zinc status (data not shown).
Another ZnT member, ZnT5, was also significantly expressed in gill. However, in contrast to the zinc regulation of ZnT1, the mRNA expression of ZnT5 was inhibited by zinc excess and upregulated by zinc deficiency at Day 7 ( Figure 2B ). This result is similar to that observed for the zinc importers ZIP3, and ZIP10 (see below). In human studies, a splice variant of ZnT5, expressed in the intestine, is localized on the enterocyte apical membrane and mediates dietary zinc uptake (8) . We therefore propose that ZnT5 may play a similar role in the fish gill, facilitating zinc uptake from the water. 12 
Expression of ZIP1, ZIP3, ZIP7 and ZIP10 transporters
The expression of several members of ZIP family, ZIP1, ZIP3, ZIP7 and ZIP10, in response to zinc availability was also investigated using real-time PCR. The results indicate that neither ZIP1 nor ZIP7 responded significantly to changes of zinc status at mRNA level (data not shown). However, contrary to the regulation of MT2 and ZnT1, zinc deprivation increased the expression of both ZIP3 and ZIP10 after 1 and 7 days of zinc depletion and the ZIP10 mRNA was also significantly downregulated by zinc excess ( Figure 2C and 2D) . Fish ZIP1 and ZIP3 are structurally similar and have previously been characterized as high and low affinity zinc importers, respectively (13, 40, 41) . Here we investigated the function of zebrafish ZIP10 using the Xenopus oocyte expression system and the result showed a 2.06 ± 0.39-fold (mean ± SD, n = 15) increase in 65 Zn 2+ influx compared to water-injected controls, which illustrated that zebrafish ZIP10 functions as a zinc importer. Therefore, the negative regulation of ZIP3 and ZIP10 by zinc excess can be explained in terms of zinc homeostasis as these transporters may act to protect cells from zinc over-accumulation by reducing zinc influx when the extracellular concentration of zinc is high.
Identification of the transcription start sites for the ZIP10 gene
We have demonstrated that the ZIP10 mRNA in zebrafish gills responded to zinc availability in a manner opposite to that of MT2 and ZnT1. In the zebrafish ZF4 cell line, the expression of ZIP10 was also repressed by 80% under zinc excess, confirming our observation in vivo (data not shown). We wished to investigate the transcriptional control of ZIP10 and, therefore, needed to determine the promoter region.
To do this, we employed the 5' RACE-PCR technique to identify the transcription start site for ZIP10 expressed in two tissues, gill and kidney. The 5' RACE result revealed the existence of two distinct TSS for the ZIP10 gene in gill and kidney ( Figure 3 ). The 5' sequence of the gill ZIP10 is located at 16,891 bp upstream of the Exon 2 and that of the kidney ZIP10 located much closer to Exon 2, at only 1,077 bp upstream ( Figure 3C ). This suggested that two promoters may exist. Therefore, two promoter fragments, P1 and P2, containing up to 1.4 kb upstream of the corresponding transcriptional start site and the first exon, were amplified and linked upstream of a firefly luciferase reporter gene in the pGL3-basic plasmid ( Figure 4A ). When expressed in HepG2 cells, both promoters drove strong luciferase activity, which 13 implies that either ZIP10 transcript is initiated by a functional promoter ( Figure 5 ).
MRE mediated zinc regulation of ZIP10
MTF-1 is the principal transcriptional factor related to zinc homeostasis and it regulates the expression of MTs and ZnT1. To investigate the possible function of MTF1 in the downregulation of ZIP10 by zinc, we searched for MTF1 binding sites, MREs, within ZIP10 gene and characterized their role in transcriptional regulation using reporter gene assays.
Two MRE clusters were identified in the ZIP10 gene. The first cluster was found in promoter P1, with MRE1 located 20 bp upstream of the TSS (+1) and MRE2 at 27 bp downstream (within Exon 1) ( Figure   4A ). By aligning the ZIP10 sequence from several species, we discovered that the MRE2 site is well conserved among vertebrates whilst in contrast the MRE1, located on the opposite strand, seems to be unique to zebrafish ( Figure 4B ). The inductive potential of the wild-type P1 was 9-fold in the presence of 100 μM Zn 2+ ( Figure 5A ) which is opposite to the effect of zinc on ZIP10 in the gill where this promoter was presumed to be active. The truncated promoters, P1F1 and P1F2, showed no response to elevated zinc, confirming that the two MREs were responsible for zinc induced transcription. However, deletion of MRE2 or both MREs resulted in higher basal promoter activities, compared with the un-manipulated promoter ( Figure 5A ). The results suggest that the two MRE sites are important for zinc regulation of the P1 promoter, likely through MTF1/MRE interaction.
A second MRE cluster was identified associated with promoter P2, with MRE1' situated at 89 bp upstream of the second TSS (+1'), MRE2' at 64 bp downstream of the TSS (within Exon 1') and MRE3' located further downstream within the first intron ( Figure 4A ). Thus, like in P1 the MREs are straddling the TSS. Although the relatively large first intron, approximately 16 Kb in zebrafish, is also present in human, mouse and rat, the precise arrangement of MREs is not conserved. However, MREs are present elsewhere in the first intron of ZIP10 from other vertebrates. In reporter gene assays with the P2 promoter, 100 µM Zn 2+ strongly reduced its luciferase activity (Fig. 5B) , similarly to the effect of zinc on ZIP10 expression in the gill. Interestingly, the P2 promoter is located 16 kb downstream of the TSS for ZIP10 in the gill and coinciding with the position of the TSS for ZIP10 in kidney. Mutation of either of the three 14 MRE sites individually or in combination markedly reduced the basal promoter activity and decreased the potency of zinc to further repress expression ( Figure 5B ). Of the three MRE, MRE3' mutation alone had the least effect on both the basal promoter activity and the degree of zinc inhibition (P>0.05), which suggests that the MRE1' and MRE2' sites play more significant roles in transcriptional regulation by zinc.
DISCUSSION
The fish gill is a route to acquire minerals directly from water and therefore provides a convenient model to study zinc absorption in vertebrates. Zinc uptake via gill from aquatic zinc sources is a complex process that requires zinc transporters operating across zinc concentrations ranging several orders of magnitude (13, (39) (40) (41) . Clarification of the expression and regulation of zinc transporters in gills helps to elucidate their functions and regulatory mechanisms as they pertain to zinc homeostasis. In this study, we have utilized real-time PCR to show the role zinc plays in the regulation of mRNA levels of seven zinc transporters expressed in zebrafish gills. The expression of ZnT1 was upregulated by zinc excess and downregulated by zinc deficiency emulating, albeit at a lower amplitude, the impact of zinc on the expression of MT2 and in agreement with the established role of ZnT1 as a major zinc exporter in fish (1, 34) and mammals (36, 37) . In contrast, zinc deprivation induced ZnT5, ZIP3 and ZIP10 mRNA accumulation, and zinc excess downregulated expression of ZnT5 and ZIP10 genes. This regulatory pattern would be consistent with functions of the corresponding proteins in zinc import at the apical membrane. Of all genes investigated, ZIP10 was the most consistently and markedly downregulated in response to elevated zinc. Zebrafish ZIP10 is orthologous to human SLC39a10 (13) . The functionality of this gene in terms of zinc transporting ability has been little studied. It was recently shown that 65 Zn uptake was reduced by 20% in the invasive (MDA-MB-231) and metastatic (MDA-MB-435S) breast cancer cell lines, when the expression of ZIP10 was knocked down using siRNA (24) . A rat ZIP protein, historically assigned rZIP10, has been functionally characterized (25) , but does not appear to be an ortholog to human or zebrafish slc39a10 and displays a higher sequence homology to human SLC39a4.
We, therefore, utilized oocyte expression and 65 Zn 2+ transport assays to confirm that zebrafish ZIP10 truly 15 functions as a zinc importer. The 5'-RACE and reporter gene assays allowed us to identify two alternative promoters driving transcription for two distinct ZIP10 transcripts in gill and kidney, and demonstrate the possible involvement of MTF1-dependent zinc regulation in the promoters.
It is well known that induction of metallothioneins (MT), which bind zinc and several other metals with high affinity, is a universal mechanism to buffer intracellular zinc (17) . In addition, the zinc exporter, ZnT1, acts as a safeguard to protect cells against zinc toxicity (36) . The regulation of both MT2 and ZnT1 by zinc is mediated by MTF1 (18, 29) . In zebrafish, the MT2 promoter contains seven putative MRE sites (3) whereas the ZnT1 promoter has only three. This may explain the observation in the present study that the response of MT2 to zinc excess was rapid (Day 1) while ZnT1 mRNA levels were significantly increased only from Day 7 onwards and were moderate (up to 3-fold) compared with that of MT2 (up to 13-fold). We propose that the abundant MRE sites might make MT2 more sensitive to MTF1 activation, resulting in immediate buffering of small zinc variations; when incoming zinc is beyond the binding capability of MTs and MTF1 is highly activated, ZnT1 is induced and efficiently lowers total cellular zinc content by facilitating zinc efflux. Therefore, MTs and ZnT1 work in concert to provide maximum protection when cells exposed to high level of zinc. The expression and rapid regulation of MT2 and ZnT1 in gill are consistent with the strong ability of the zebrafish gill in maintaining zinc homeostasis even when the concentration of zinc in the water is very high. Conversely, when zinc supply is scarce, MTF1 may be inactivated resulting in less synthesis of both genes. However, our data suggest that this downregulation as a result of MTF1 inactivation is limited as only a maximum 2-and 3-fold reduction was observed from ZnT1 and MT2, respectively. The resulting reduction in chelation by MT2 and basolateral extrusion of zinc by ZnT1 may be moderated by the concomitant upregulation of zinc importers, which would increase apical influx.
Another member of ZnT family, ZnT5, was also regulated at the level of mRNA abundance in response to changes in zinc availability. However, ZnT5 responded in the opposite direction to ZnT1. Thus, ZnT5
was induced by zinc deficiency and inhibited under zinc excess condition at Day 7. This pattern of regulation was similar to that of the zinc importers, ZIP3 and ZIP10, in the present study. In mammals, ZnT5 is required for zinc uptake into Golgi-enriched vesicles while a splice variant is expressed at the brushborder membrane and was suggested to be involved in dietary zinc absorption (8, 9, 22, 26, 43) . The expression of ZnT5 was reported to be induced by zinc deficiency in HeLa cells (10). However, its mRNA level increased two-fold when Caco-2 cells were cultured in the medium with 100 µM Zn 2+ but inhibited when zinc concentration increased to 200 µM (8, 9) . Oral zinc supplement in human resulted in a reduced protein level of ZnT5 but not mRNA level in ileal mucosa. A more recent study showed that the two major ZnT5 splice variants appear to have distinct regulation and this may contribute to its diverse regulation observed in the above studies (23) . Based on the regulatory pattern observed in the present study and previous implication of ZnT5 in intestinal zinc uptake, we suggest that ZnT5 may contribute to apical zinc uptake into the gill cells. Further studies on its location and transcript variants are necessary to determine its function in zinc homeostasis in gill.
Regulation of members of the ZIP family by zinc is complex and involves control at transcriptional, posttranscriptional, translational, and posttranslational levels (11, 12, 32, 45) . Some studies have provided evidence that zinc deficiency can increase abundance of mRNA for ZIP2 and ZIP4 in specific tissues (6, 11) , but at least in the case of ZIP4 this has been attributed to an stability of ZIP4 mRNA during zinc depletion (45) . In the present study, the gill levels of mRNA for both ZIP3 and ZIP10 were increased after 1 and 7 days of zinc depletion in water and diet. Moreover, ZIP10 mRNA showed substantial downregulation by zinc excess both in vivo and in vitro. In yeast, zinc-dependent transcriptional regulation of ZIP family is mediated by the transcription factor, ZAP1 (47) (48) (49) . However, little is known about mechanisms involved in transcriptional regulation of vertebrate slc39 genes in response to changes in zinc status. Knockout of MTF1 in mouse liver cells was associated with upregulation of ZIP10 during zinc adequate conditions, indicating a possible tonic repression of ZIP10 expression by MTF1 (46) . This is strongly supported by our observation in ZF4 cells that excess zinc decreased abundance of ZIP10 mRNA and this effect was completely absent when treated with siRNA to MTF1 (G. P. Feeney, D. Zheng, C. Hogstrand and P. Kille, unpublished observation). Thus, there is compelling evidence that MTF1 a negative regulator of ZIP10 expression in both fish and mammals, the question is how this regulation is 17 achieved.
In the present study, we provide evidence for the existence of two promoter regions separated by 16kb
in the ZIP10 gene. The two promoter regions, P1 and P2, correspond in their proximity to the TSS of the two alternative ZIP10 transcripts present in gill and kidney, respectively (Figures 3 and 4) . Furthermore, the two promoters provoke opposing responses to zinc excess in vitro. This led us to speculate that P1 could be negatively controlled by zinc. However, the regulatory mechanisms involved are more complex than originally thought. In contrary to the zinc inhibition of ZIP10 expression observed in the gill in vivo, Table 2 and illustrated in Figure 4 . The ZIP10 promoter activities were assayed in HepG2 cells incubated for 24 h in serum-free media with (white bars) or without (black bars) addition of 100 μM 
MRE1'
GGCAATATATTCCTTTGGTTTcatACTCTACTGCACATCAATCTC GAGATTGATGTGCAGTAGAGTatcAAACCAAAGGAATATATTGCC
MRE2'
CATTTTTACAGGCTGGAGCatgcGCTGTCGTAAGTACTGCTAAC GTTAGCAGTACTTACGACAGCgcatGCTCCAGCCTGTAAAAATG
MRE3'
GCAGGATTATCTTCATACAGTCgcatCTCCTGCCCCATCC GGATGGGGCAGGAGatgcGACTGTATGAAGATAATCCTGC * Bases that are lower case are designed point mutations for the MRE sites underlined.
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